Background: Dental implants that are 2.0 mm in diameter or smaller (mini-implant, small diameter implant) have been advocated as an acceptable alternative to conventional diameter implants (3.0-5.0 mm diameter) for definitive oral restoration. Studies indicate that under normal intra-oral loads, the pattern of force transmitted to supporting crestal bone increases in inverse proportion to the implant diameter. For conventional diameter implants, these stresses were not predicted to exceed physiologic limits. However, none of the available studies investigates implant diameters less than 3.0 mm. Extrapolation of the data suggests that further reduction of implant diameter would induce greater crestal bone stress, possibly beyond physiologic limits. Objectives: A finite element analysis (FEA) study was designed to ascertain if reduction of implant diameter to 1.8 m would, (1) increase cervical bone stress and (2) result in non-physiologic stress in the investing bone. Materials and Methods: A finite element model of a 1.8 mm × 12 mm titanium implant was produced through micro computed tomography scanner (Scanco, Switzerland, FEA elements = 144,194. FEA nodes = 162,784). Results: Crestal bone stresses increased as predicted and Von Mises stresses (an average of 300 MPa) exceed the trabecular and cortical bone yield stress of 100 MPa and 33 MPa respectively.
INTRODUCTION
Small diameter implants (SDI) initially intended for temporary use, were first introduced in the mid-1980s. [1] The approval of these SDIs (1.8-2.9 mm) for long-term use was first granted by the Food and Drug Administration in 1997 [2] with other SDI's being approved as late as 2003. [3] Conventional diameter or root form implants, in contrast are 3.0 mm or greater in diameter. These conventional implants have had approval and well known success since the late 1970's. [1] Recent studies have stated and advocated that SDIs "have now proven themselves capable of supporting complete dentures, removable partial dentures, fixed prosthesis and even some single tooth replacements." [4] Some studies have even shown clinical success rates for the single tooth restoration of SDIs being comparable to that of conventional implants. [5] However, the difference between the two lies in the fact that, when used as a single tooth replacement, the SDIs are less stable and have not been thoroughly tested for their long-term stability under typical loads. [6] Studies have looked into the failure of the implants themselves showing higher implant fracture rates for SDIs, [7] even at clinical loads. [8] Petrie and Williams [9] showed that crestal bone stresses were dependent upon three interrelated parameters: Diameter, length and taper. According to them, diameter had the single most influence on crestal bone stresses. This fact was reinforced in other studies. [10] Previous finite element analysis (FEA) studies have shown that a decrease in diameter increases the stress transferred to crestal bone. [9] [10] [11] Intuitively, one would have to assume that a smaller diameter would transfer more stresses to the crestal bone and raise the question-do these forces exceed the physiologic limits of the surrounding bone?.
MATERIALS AND METHODS
The aims of this study were to replicate previous studies [9, 11] and to investigate whether a reduction of implant diameter to 1.8 mm would increase cervical bone stress to a non-physiologic level in the investing bone. To accomplish this, a voxel based finite element model of a 1.8 mm × 12 mm titanium implant was produced through micro computed tomography scanner (Scanco, Switzerland, FEA elements = 144,194. FEA nodes = 162,784, ABAQUS solver). Furthermore, duplication of previous studies [9, 11] of finite analysis were also carried out and applied directly to an example of an SDI. To our knowledge, this is the first study looking at whether or not 1.8 mm SDIs under normal masticatory loads could exceed the physiologic properties of either cortical or trabecular bone.
Patients with a full dentition achieve maximum masticatory forces greater than 720 N. [12] It has been shown that even with missing posterior support, restorations are subjected to high occlusal forces (up to 1031 N) when subjects clench. [12] Of note is the fact that these forces are not seen until one approaches the posterior segment. This is an important point in the consideration of SDIs, specifically in regard to their typical location when they are utilized for single tooth restorations or as denture support. Other studies have estimated an utilized 200N [7, 9, 11] 150N; [10] and 100N [13, 14] as accepted maximum loading. On the basis of location of typical placement for SDI's, we utilized 100N as our maximum vertical loading. This is well within the maximum loading 244-1243 (full dentition, clenching) [12] and within the parameters of previous studies. [7, [9] [10] [11] 13] It has been shown by in vivo studies [15, 16] in primates (monkeys) that implants under excessive forces will cause a loss of corresponding bone.
For lateral stresses, we utilized 30N at a 45° to the Y-axis. To simplify, we did not choose a range, rather, the set 45° to the Y-axis as this has been shown to be the maximum loading angle [11, 17] [ Table 1 ].
RESULTS
It was observed that crestal bone stresses increased with the use of 1.8 mm SDI's. This result was consistent with those reported in previous studies. [7, [9] [10] [11] 13] The Von Mises stresses, that exhibited an average of 300 MPa, exceeded both cortical and trabecular yield bone stresses of 100 Mpa and 33 MPa respectively [ Figures 1-6 and Table 2 ].
DISCUSSION
One of the most neglected quandaries in dentistry is that of restoring Mandibular Edentulism. [2] Before one contemplates restoration utilizing implants, not only the function of the prosthesis should be considered but also its physiologic effects on the underlying bone. This study demonstrates that when utilizing 1.8 mm SDI's, crestal bone stresses exceeded that of both cortical and trabecular bone stresses. It has been advocated that use of SDIs is not limited to overdentures. [5] On the contrary it has been shown that overdentures supported by SDIs showed significant marginal bone loss. [18] The same study demonstrated a decrease in marginal bone loss and advocated splinting SDIs, which resulted in reduction of cortical bone stress. The stress decreased from 118 mpa to 56.8 mpa, between SDI loaded vertical at 100N when compared to splinting of the SDI. Our study more specifically investigated the loading of SDIs specifically 1.8 mm "mini dental implants," when loaded for single tooth replacement and showed that the stresses to both trabecular bone as well as cortical bone increases to unacceptable levels. It should be noted that the yield stress considered in our study was that on cortical and trabecular bone typically experienced in the anterior mandibular segment. The load would increase and the yield stress of the bone would decrease as one moved posterior or considered the maxillary bone. It would be a fair assumption that utilizing 1.8 mm SDIs in other areas would be unfavorable for single tooth replacement. When considering replacement one should also consider the quality of underlying bone. It may vary in a more senior population or for osteoporosis affected bones. Parafunctional forces that were not considered in this study would also lead to forces [12] that far exceed the physiologic limits of the bone and exceed those of the fixtures themselves. [8] 
CONCLUSIONS
1.8 mm diameter implants under normal occlusal forces would produce stresses of a destructive nature on the underlying bone. This study showed that single tooth restorations of these implants in the anterior mandibular segment would produce stresses to both trabecular bone as well as cortical bone of unacceptable levels. 1.8 mm implants in the maxilla or in the posterior segment would also produce forces of a destructive nature on the underlying bone.
